• The history of the use of Fourier analysis in the study of circulatory dynamics was reviewed by McDonald and Taylor. 1 Consideration of pressure and flow waves as steady state phenomena led to the term "vascular impedance" being used to define the relationships between pressure and flow waves in the arterial system. Vascular impedance is an expression of the opposition to pulsatile blood flow in an artery, such opposition including the effects of elasticity, inertia, and viscosity in the vessels beyond, as well as the effects of reflection.
Like electrical impedance, vascular impedance is a complex quantity and may be displayed as a graph of modulus and phase plotted against frequency. It is determined from pressure and flow waves at the input of the vascular bed. A flow wave and the simultaneous pressure wave are each resolved into a mean value and a series of harmonic sine waves. These mean values and corresponding harmonics of pressure and flow are related to give the vascular impedance ( fig. 1 ). It is assumed in this analysis that as a function of frequency, pressure, and flow are linearly related; within the physiological range there is good theoretical and experimental evidence that this is so. 1 " 4 The regularity of results we have obtained adds further confirmatory evidence to the validity of this assumption.
Randall and Stacey 5 and Randall 0 measured impedance in the femoral artery of the dog under control circumstances. Their experimental method is open to criticism since they measured pressure proximal to a length of rigid flowmeter catheter, and so included the impedance of this tubing in their results. Mc-From the Department of Physiology, the University of Sydney, Sydney, N.S.W., Australia.
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Donald and Taylor 1 and McDonald 4 ' 7 determined vascular impedance in femoral arteries of dogs under control conditions, and during vasoconstriction and vasodilation of the femoral bed; these results were from single pairs of waves, calculated by hand sometimes to only three harmonics. The results to be presented in this paper are from separate analyses of over 1000 pressure and flow waves recorded in the femoral artery of ten dogs and two sheep; these results appear to show greater consistency and reproducibility than those reported previously for any vascular bed. Even when the heart rate was irregular, values of vascular impedance were consistent and superimposable when expressed as a function of frequency. Injections of vasoconstrictor and vasodilator drugs into the femoral artery, and reactive hyperemia, caused changes in modulus and phase of vascular impedance which were explained readily from theoretical principles. It was possible to follow the time-course of change of vascular impedance after injection of the drug or release of vessel occlusion. Experimentally determined values of vascular impedance under all circumstances correlated well with those derived from a mathematical model in which realistic values of the dimensions and physical properties of the vascular bed were used.
Methods

(a) ANIMALS AND ANAESTHETIC
Ten large dogs (20 to 39 kg) and two adult sheep (33 and 50 kg) were used. Animals were premedicated with morphine sulphate (1 to 1.5 mg/kg) and anaesthesia was induced with pentobarbital sodium (20 to 40 mg/kg), and thereafter supplementary doses were administered as required. In eight experiments records were also made from the thoracic aorta, and in these experiments the animals received, in addition, small initial (1.5 to 2 mg/kg) and maintenance (<0.25 mg/kg/hr) doses of gallamine; they were hyperventilated with air ( min) and received small maintenance doses of pentobarbitone (2 to 4 mg/kg/hr).
(b) INSTRUMENTATION AND EXPERIMENTAL PROCEDURE
Flow was measured with a sine-wave electromagnetic flowmeter. The probe was located on the femoral artery immediately distal to the inguinal ligament. Application of the probe necessarily entailed some constriction of the artery, but by careful selection of probe size, this effect was minimized. Zero flow was obtained by occluding the artery momentarily below the probe. Probably due to movement of the probe on the artery, the zero flow reference level varied during the course of the experiment, so that it was necessary to repeat zero flow determinations at regular intervals, and to discard recordings made when the zero flow level had altered appreciably. Calibration changed little from day-to-day and was determined by passing saline through a piece of excised artery enclosed within the probe. The fidelity and frequency response of this flowmeter instrument have been reported in a previous communication. 8 Pressure was measured through a narrow nylon catheter by a Sanborn capacitance manometer (P267B). The catheter was inserted through a small muscular branch of the femoral artery and its tip located just distal to the flowmeter probe. The "end-hole" catheter made an angle of approximately 60° to the direction of flow in the femoral artery. In this position it was expected that the presence of the catheter would cause minimal interference to flow in the artery. Yet its location is a potential source of error, since it measures neither lateral nor end-on pressure. High flow rates associated with even slight narrowing of the artery may cause a significant difference between lateral and end-on pressure. Contrary to the usual view it is our belief that the latter pressure should be associated with flow in the measurement of vascular impedance. Frequency response of the manometer system was determined from the natural frequency and exponential decay of oscillations induced when a sudden stepwise change of pressure was applied to the catheter tip. All pressure records were made shortly after the catheter was flushed with heparinized saline (20 I.U./ml). Attempts to inject vasoactive drugs into the artery above the probe were unsatisfactory since a significant amount of the drug appeared to pass into upstream branches of the iliac and femoral artery. The drugs were dissolved therefore in heparinized boiled saline and injected and the unbroken line is flow. Only the values of impedance for the mean and the first five harmonics of the waves are illustrated.
through the recording catheter. The injection of heparinized saline alone into the artery did not change vascular impedance.
(c) RECORDING AND ANALYSIS
Pressure and flow were recorded together with ECG and digitizing pulses (120/sec or 160/sec) at 30 inches/sec on magnetic tape, for subsequent analysis. The frequency responses of all FM channels were identical, being flat to 200 cycles/sec. Where data were to be analyzed a series of sampling pulses, e.g., one every two sec, was recorded on the tape, which was then replayed at slow speed 1 7/8 inches/sec ( fig. 2) . A simple gating circuit and a digital voltmeter made it possible to digitize and punch onto paper tape a series of pressure waves and the corresponding series of flow waves. The gating circuit comprised two scales of two and two gates. A sampling pulse opened gate 1 which allowed the next ECG to pass gate 1: this in turn opened gate 2 enabling digitizing pulses to pass. The next ECG closed gates 1 and 2 so that digitizing pulses no longer passed gate 2. The next sampling pulse restarted the cycle ( fig. 3 ). The digitizing pulses caused the pressure wave between two ECG signals to be punched at high speed onto paper tape. The procedure was repeated for the corresponding flow waves. Replay signal was in the range ± 5 volts and this was read to an accuracy of 0.005 volts. A series of 40 pressure and 40 flow waves sampled up to 160 times per second could be recorded on paper tape in approximately 90 minutes. These data were fed, together with calibration factors, manometer natural frequency, etc. into a digital computer programmed to calculate modulus and phase of impedance.
Since most dogs showed changes in mean blood pressure associated with respiration, many with sinus arrythmia, it was found that pressure waves did not begin and end at the same level. This trend was approximated by a straight line joining the first and last points of the wave and all values of pressure in the wave were expressed in relation to this line. The small changes of mean flow which occurred with respiration were due mainly to greater flow during the early part of the cycle. Since the flow wave began and finished at a similar level, no slope correction was applied. Fourier analysis was done according to the method of Priestley 9 which speeded up computations by a factor of about 6. Appropriate corrections were made for the dynamic errors of manometer and flowmeter systems. The modulus and phase of impedance were determined from ten harmonics of each pair of pressure and flow waves.
Results
The form of the impedance curve was the Diagram of the recording, sampling and analysing apparatus. Pressure and flow waves (analog, upper left) are represented by unbroken lines and electrical pulses by broken lines.
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Gating circuit which permits selected waves of pressure and flow to be digitized. Full explanation appears in text.
same for control determinations in all experiments ( fig. 4 ). Impedance modulus fell smoothly from an initially high value at zero frequency to a minimum at 8 to 14 cycles/sec before again rising slightly. Impedance phase became negative at low frequencies, i.e., flow led pressure, and remained negative before passing rather sharply through zero to become positive at 8 to 14 cycles/sec. The considerable scatter at high frequencies was not unexpected since these points were derived from the eighth, ninth and tenth harmonics of pressure and flow waves which were very small, and so were subject to considerable experimental error. The frequency at which the minimum of modulus and cross-over of phase occurred was constant under control conditions at the same mean blood pressure in any animal. At this critical frequency, the distance from the recording site to the vascular terminations represented a quarter of a wavelength. 1 velocities of 10 metres/sec, this average reflecting site was located just below the knee.
Since both the critical frequency and the absolute values of vascular impedance depended on a number of factors including size and shape of the animal, it was considered unrealistic to pool the results of all experiments. The results to be presented were derived from series of waves in single experiments and are representative of the findings in all animals. Figure 4 shows vascular impedance determined from a series of waves during sinus arrythmia. Although the heart rate was varying greatly, values of impedance calculated for each wave fell along the same curve; at 3 cycles/sec the first harmonic of one wave corresponded to the third harmonic for another, yet the values of modulus and phase of impedance were almost exactly the same. It was surprising to record such consistent results under conditions which theoretically invalidated the use of steady state analysis. Consistency of results has been seen under less extreme circumstances in all experiments. Figure 5 shows vascular impedance under control conditions in the femoral artery of a dog with heart block, whose heart was being paced at different frequencies.
In both of these examples (figs. 4 and 5), blood pressure remained fairly stable, varying in the range ± 8 mm Hg. When the mean blood pressure was increased by cervical vagotomy or intravenous noradrenaline infusion, the critical frequency increased: in the case of the animal whose results are shown in figure 4 from 10 to 15 cycles/sec when mean blood pressure increased from 116 to 160 mm Hg. This effect was considered to be due to an increase in pulse wave velocity, which raised the frequency at which the distance to the reflection site represented one quarter of a wavelength. Since the increase of blood pressure was due to generalized vasoconstriction in which the femoral bed participated, impedance modulus at zero frequency, i.e., mean blood pressure -j-mean flow, increased. Thus under conditions of high blood pressure with generalized vasoconstriction, impedance modulus decreased from a greater initial value to a minimum which occurred at a higher frequency. When the systemic blood pressure was low, critical frequency was reduced; this was attributed to a decrease of Vascular impedance under control conditions determined from 57 waves in a dog with heart block, whose heart was being paced at different frequencies. Abscissa: cycles/sec. pulse wave velocity, so that the arterial system represented a quarter of a wavelength at a lower frequency. During hypotension the impedance modulus at zero frequency and so the initial slope of the curve depended on whether the femoral bed was dilated or constricted.
In an attempt to isolate the local action of a drug from its central effects, vasoactive drugs were injected directly into the femoral artery. In the period immediately following injection, the changes in vascular impedance should be due to the local effect of the drug on the femoral bed, with the direct and reflex systemic effects becoming apparent later. Effect of vasodilation on the modulus of vascular impedance. Time course of impedance modulus is shown following the intra-arterial injection of acetylcholine chloride (100 y.g in 1 ml). Each curve represents modulus determined from one pair of pressure and flow waves. Time in seconds following injection is shown above each curve. CPS: cycles/sec. , so that the changes due to reactive hyperemia modified the pattern during the first 5 to 10 seconds. Figure 6 shows the alterations in the modulus of vascular impedance after the injection of acetylcholine chloride (100 /xg in 1 ml). As vasodilation occurred, the impedance at zero frequency decreased and the sharp minimum at 8 cycles/sec all but disappeared, then returned as the effect of the drug wore off. At the peak of vasodilation the curve of impedance modulus approached the characteristic impedance, that is the impedance of a tube without reflections. Phase changes were equally striking. The phase angle was greatly reduced at all frequencies, although it was still initially negative, becoming positive at approximately 8 cycles/sec. The peak effect of vasodilation on phase angle is shown in figure  7 ; a continuous gradation existed between this and the normal pattern and could be followed before and after the full effect of the drug. Maximal vasodilation was seen some ten seconds after acetylcholine injection, and the effect of the drug had all but vanished 50
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FIGURE 7
Effects of vasodilation and vasoconstriction on the phase of vascular impedance. A negative phase angle means that flow leads' pressure. Abscissa: cycles/sec.
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seconds later. With maximal vasodilation the large increase in hindlimb flow (from 100 to 450 cc/min in this case) was always associated with a reduction of blood pressure (in this case from 111 to 95 mm Hg). This small reduction of blood pressure is unlikely in itself to have significantly altered the results obtained. The observations that the impedance modulus became almost uniform at all frequencies, and that impedance phase angle approached zero, mean that during vasodilation the femoral bed appeared predominantly as a resistive load with pressure and flow waves resembling each other in shape. The form of pressure and flow waves under control conditions, and during vasodilation, are seen in figures 8A and 8B respectively. The vasodilation of reactive hyperemia was less pronounced than that caused by acetylcholine, and produced similar, but less marked, changes in vascular impedance. After injection of noradrenaline (6 jug in 1 ml) into the femoral artery, vasoconstriction was associated with an increase in the value of impedance modulus at zero frequency. The presence of a low minimum value indicated an increase in reflection coefficient. The timecourse of these effects is illustrated in figure  9 modified in the first three waves by the changes due to reactive hyperemia (vide supra). Phase angle ( fig. 7 ) became more negative at low frequencies, and the change from negative to positive values tended to be more abrupt. The maximal effects of noradrenaline were seen 15 to 30 seconds after injection, and these decreased little over the next 60 seconds.
In some experiments a distinct shoulder was noted on the upstroke of the pressure wave. This was most pronounced when the peak flow rate was high and appeared to correspond to the instant of peak forward flow. If present, this shoulder developed during vasodilation into a notch on the apex of the pressure wave. The same wave-shape was seen whether the catheter was side-on or end-on to the direction of flow so that it was not possible to explain the indentation on the basis of a relative decrease in lateral pressure associated with high 
FIGURE 8
Pressure and flow waves recorded from the femoral artery of a dog under control conditions and during vasodilation. The waves have been drawn from the digital voltmeter output with pressure represented by a broken line, flow by an unbroken line. Under control conditions the peak of the flow wave precedes the peak of pressure. During vasodilation the shape of the flow wave resembles the shape of the pressure wave.
flow rates. However, if the femoral artery distal to the catheter was gradually occluded, the shoulder appeared to move up the pressure wave until with complete occlusion it was represented by a separate distinct oscillation on top of the pressure wave. The presence of this phenomenon was associated with only minor changes in vascular impedance. Under control conditions when the shoulder was noted on the pressure wave, the minimum of modulus was accentuated and the phase angle after becoming initially negative, decreased further, often beyond 90°b efore suddenly becoming positive. During vasodilation, if the shoulder developed into a notch on the pressure wave, the minimum of modulus did not disappear completely, while the changes in phase were similar to but less pronounced than those seen during vasodilation when no notch was apparent.
MATHEMATICAL MODEL
The mathematical model of the vascular bed
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is considered in detail elsewhere. 10 In this situation the same complicated geometrical pattern of the vascular bed was assumed. Arterial diameter was taken to be 4 mm and the average length from input to bed termination 20 cm. Pulse wave velocity was taken to be constant at 10 metres/sec, modified by the effects of a 1 -2-* in the small vessels. Since the decrease in kinematic viscosity in the small vessels was only of the order of 10%, u the same value of 0.04 stokes was taken for the whole system. Cross-sectional area increased by a factor of eight from input to termination.
In figure 10a , b, and c, are seen the results of input impedance determination in the mathematical model with terminal reflection coefficients 0.8, zero and 0.95 respectively. With reflection coefficient 0.8 the values of impedance modulus and phase resemble those seen under control circumstances. With the reflection coefficient zero, the changes are similar to those produced by vasodilation, while with reflection coefficient 0.95 they resemble those produced by vasoconstriction.
Inset in each figure 10a, 10b, and 10c is a pressure wave synthesized from ten harmonics of a flow wave recorded under control Effects of vasoconstriction and vasodilation on the modulus of vascular impedance. Time course of impedance modulus is shown following intra-arterial injection of noradrenaline (6 /xg in 1 ml). Reactive hyperemia is responsible for the shape of the first three curves (see text). The control curve resembled that seen 18 seconds after injection of the drug. Time in seconds after injection appears above each curve. CPS: cycles/sec. 
FIGURE 10
Values of vascular impedance determined from the mathematical model with reflection coefficients 0.8, zero, and 0.95. Inset in each figure is a pressure wave synthesized from these data using flow waves recorded (a) during control conditions, (b) during vasodilation, and (c) during vasoconstriction. The pressure waves are similar in shape and amplitude to those seen under these conditions. Abscissa: cycles/sec. conditions, during vasodilation and during vasoconstriction respectively, using the theoretical values of impedance from each figure.
The pressure waves thus synthesized are not unlike those recorded under these different conditions. The pressure wave in figure 10b is not as small as one might predict from the impedance curve, the reason being that during vasodilation the first and second harmonics of the flow wave are greatly increased.
Discussion
Impedance is an expression of the total opposition to pulsatile blood flow into a vascular bed. The femoral vascular bed is taken to begin at the distal end of the flowmeter probe and to end in the femoral vein where the blood flow is uninfluenced by arterial pulsations and where the pressure is almost atmospheric. The driving function for this bed is the flow of blood into it and the pressure oscillation at the input results from the interaction of elastic, viscous and inertial effects and from the effects of reflection. Theoretically, the impedance of the bed could be found by measuring the pressure oscillation at the input when driving the system with sinusoidal oscillations of flow at different frequencies. This type of approach is used to find the frequency response of an electrical system and has been used in the rabbit pulmonary artery by Caro and McDonald 12 to determine vascular impedance of the lungs. The same information may be obtained under more physiological circumstances by relating corresponding harmonics of pressure and flow waves at the input.
The interpretation of impedance data in the arterial system, in transmission lines and in Circulation Research, Vol. XVlll, February 1966 elastic tubes is discussed in detail elsewhere. 1 -*• 10 -13 < 14 " 1G The impedance modulus at zero frequency is the resistance of the bed to steady flow and is determined only by frictional effects. As flow becomes oscillatory inertial and elastic properties assume importance. In the absence of reflections, the impedance is the characteristic impedance and may be calculated from values of vessel radius, kinematic viscosity of blood, elastic modulus of the vessel wall and frequency. Where the total vascular bed behaves as though it has a single reflecting site, the impedance modulus will fall to a minimum below the characteristic impedance, when the length of the system represents a quarter of a wavelength, then it will rise above the characteristic impedance to a maximum when the system represents a half wavelength. At zero frequency impedance phase angle is zero, i.e., pressure and flow are in phase. In an ideal system (perfectly elastic tube, nonviscous fluid) without reflections, oscillatory pressure and flow are likewise in phase. In the presence of reflections, this is no longer so and phase difference depends on reflection coefficient. When complete reflection occurs at a closed end, pressure and flow are 90° out of phase. At a node, this relationship suddenly changes so that impedance phase changes from -90°t o +90°.
In a visco-elastic artery filled with blood, the phase difference between pressure and flow in the absence of reflected waves is determined by Womersley's nondimensional parameter, a. 1 -2 ' 4 A reflection site will cause fluctuations in phase angle similar in direction to those described for the ideal system; the magnitude of these fluctuations will depend largely on the degree of reflection.
The application of Fourier analysis to the pressure and flow waves implies that the heart is beating regularly so that the system is in a steady state of oscillation. If the heart rate is irregular it might appear that the application of Fourier analysis is invalid, yet under the circumstances of marked sinus arrythmia, the impedance values of all waves fell along a regular curve ( fig. 4 ); modulus and phase Circulation Research, Vol. XVIII, February 1966 of impedance derived from the first harmonic of a rapid beat corresponded with values derived from the third harmonic of a slow beat. This demonstrated clearly the linear relationships between pressure and flow in the femoral artery. The results indicate that damping is so intense that at least in the femoral artery (and within reasonably wide limits) each wave, though a transient, can be regarded as part of a steady state oscillation. This evidence ( fig. 4 ) is presented as a powerful argument in favour of the validity of the method. From a consideration of oscillatory flow in the femoral vascular bed, it may be shown 11 that the Fahraeus-Lindqvist effect and shear-dependent viscosity will have only a slight influence on pressure/flow relationships over the frequency range considered.
The shape of impedance curves determined experimentally is explained readily from physical principles. In spite of the complicated geometrical pattern of the femoral arterial bed, it behaves as though it presents one reflecting site, and this reflecting site acts as a closed end and is located a short distance below the knee. As described elsewhere 10 the effect of a complex branching network is to present less reflection to the origin than a single closed end. The geometrical pattern together with fluid and wall damping is responsible for the absence of any large secondary rise in impedance modulus after the initial minimum. The fact that vasoconstrictor and vasodilator drugs cause profound changes in reflection phenomena supports the assumption 4 that the major reflection sites are in the arterioles. The high resistance of these terminal vessels is responsible for reflection of the pressure wave; variations in vasomotor tone would be expected to alter the reflection coefficient. The changes in both modulus and phase of vascular impedance brought about by the intra-arterial injection of acetylcholine and noradrenaline are readily explicable on the basis of altered reflection phenomena. Acetylcholine causes vasodilation and decreases reflection coefficient. Noradrenaline causes vasoconstriction and increases reflection coefficient. McDonald 4 ' 7 stated that vasoconstric-tion caused large changes in the modulus of vascular impedance while small changes only were produced by vasodilation. Our results do not agree with this. Under normal conditions there is evidence of large reflected components of the pressure wave, and vasodilation causes more pronounced changes from the normal pattern than does vasoconstriction.
Meisner and Remington 17 commented on the occasional presence of a shoulder on the upstroke of a pressure wave in the axillary artery of the dog. This they found arose after repeated needling of the wall or passage of a catheter, and was attributed by them to reflections associated with vasospasm. In the femoral artery we have often observed that this shoulder was present from the beginning of an experiment when the artery had suffered no trauma beyond the recording site. In addition, notching of the pressure wave appeared to be accentuated rather than decreased when acetylcholine was injected into the artery, which argues against vasospasm in this situation. The observation that the phenomenon persisted after acetylcholine injection, suggests that the reflection which causes the shoulder or notch did not arise from the arteriolar bed but from some site in one or more of the major arteries. This site appeared to be located in the vicinity of the knee.
The calculated behaviour of the input impedance of the mathematical model is in line with that determined experimentally. The normal patterns of impedance under control conditions are similar to those seen in the model with a reflection coefficient of 0.8 while those seen during vasoconstriction correspond with values from the model when the reflection coefficient approaches unity. As expected, vasodilation produced by acetylcholine causes changes which correspond in the model to reflection coefficients between 0.8 and zero.
Summary
Pressure/flow relationships in the femoral artery have been expressed as the vascular impedance of the femoral bed. The results obtained were consistent and reproducible under control conditions with irregular as well as with regular heart rates; vasoconstriction and vasodilation caused the changes in vascular impedance predicted from theoretical principles. In a mathematical model similar results were obtained when realistic values of the dimensions and physical properties of the femoral vascular bed were used. Arterial pressure/flow relationships expressed as vascular impedance provide valuable information on the properties of the vascular bed beyond.
